Diatomite consists of fossilized remains of ancient diatoms and is a type of naturally abundant photonic crystal biosilica with multiple unique physical and chemical functionalities. In this paper, we explored the fluidic properties of diatomite as the matrix for on-chip chromatography and, simultaneously, the photonic crystal effects to enhance the plasmonic resonances of metallic nanoparticles for surface-enhanced Raman scattering (SERS) biosensing. The plasmonic nanoparticle-decorated diatomite biosilica provides a lab-on-a-chip capability to separate and detect small molecules from mixture samples with ultra-high detection sensitivity down to 1 ppm. We demonstrate the significant potential for biomedical applications by screening toxins in real biofluid, achieving simultaneous label-free biosensing of phenethylamine and miR21cDNA in human plasma with unprecedented sensitivity and specificity. To the best of our knowledge, this is the first time demonstration to detect target molecules from real biofluids by on-chip chromatography-SERS techniques.
Introduction
Diatoms are unicellular, photosynthetic biomineralization marine organisms that possess a biosilica shell, which is called the frustule, with two dimensional (2-D) periodic pores [1, 2] . The unique optical, physical, and chemical properties of diatom frustules have attracted long-lasting interests for more than two centuries [3] [4] [5] . For instance, the hierarchical nanoscale photonic crystal features can reflect vivid colors and enhance the local optical fields at the surface of diatom frustules [6, 7] . The abundant hydroxyl groups at the frustule surface make diatom biosilica very hydrophilic [8] . The nano-corrugated surface, which possess a large surface-to-volume ratio of 200 m 2 /g, induces micro-and nano-fluidic properties that can achieve unique fluidic control [9, 10] .
In recent years, there has been an escalating trend to detect biological targets with ultra-high sensitivity using diatom biosilica [11] . Zhen et.al. developed PLbased diatom biosensors that have been successfully applied for TNT sensing [12] . De Stefano et al. modified the diatom frustules (Coscinodiscus concinnus) chemically and then attached antibodies as a highly-selective bioprobe for immunocomplex biosensing [13] . Our previous studies have proved that metallic nanoparticles (NPs) located near or inside the periodic nanopores of diatoms can form hybrid photonic-plasmonic modes via theoretical analysis and experimental results [14] [15] [16] . These photonic-plasmonic modes further increase the local optical field near the plasmonic NPs and additional SERS enhancement was achieved. Furthermore, our group has utilized diatom biosilica as a platform for a sandwich-type immunoassay [17] , which can detect large biomolecules such as antigens from complex biological samples. In the developed immunoassay, the diatom-Ag substrate was first functionalized with an antibody. With the presence of target antigens, the Au NPs labeled with Raman probe molecules and the antibody could crosslink onto the diatom-Ag substrate through specific recognition between the antibody and the antigen. That study showed that diatom frustules improved the detection limit of the antigen to 10 pg/mL, which is nearly 100 times better than conventional colloidal SERS immunoassay on a flat glass substrate.
However, immunoassay is not very effective at detecting small molecules due to the weak change of the signals and the time-consuming labeling processes. In principle, surface enhanced Raman spectroscopy (SERS) [18] can provide unique identification to a target analyte, especially small molecules such as illicit drugs [19, 20] . In practice, however, this is not always true for real-world samples due to various forms of interference [21] . For instance, it is extremely difficult to directly detect small molecules using SERS from biofluid or physiological environments containing high concentration of salts, because the saline has a strong influence on the stability of both the metallic colloids and the biomolecules. Furthermore, the macromolecules such as proteins and DNAs in biofluid would block the interaction between the plasmonic substrate and small molecules. Therefore, it is highly desirable to develop a lab-on-chip device that can simultaneously perform on-chip chromatography to separate the small molecules and detect them in a labelfree manner such as SERS.
In this study, we explore plasmonic NPs-decorated diatomite biosilica film as a lab-on-a-chip device for on-chip chromatography and label-free biosensing of small molecules from complex biological samples. Diatomite consists of fossilized remains of ancient diatoms and is a type of naturally abundant photonic crystal biosilica which has been widely used in industry as water filters, adsorbents, and medicine [22] [23] [24] . As geological deposits with billions of tons of reserve on earth, diatomite has similar properties to diatoms such as highly porous structure, excellent adsorption capacity, and photonic crystal effects [25, 26] . Most importantly, diatomite can be easily spin-coated on a substrate to form a dense film with extremely low cost. Different than our previous research focusing on the photonic crystal effect and microfluidic properties of individual diatom frustule, this paper utilizes the fluidic property of diatomite film decorated with gold nanoparticles (Au NPs), which can perform on-chip chromatography and simultaneously, serve as an ultra-sensitive SERS substrate to detect the target molecules. In this research, Phenethylamine (PEA) is chosen as the target analyte in our study. PEA and substituted PEAs are a broad class of compounds that affect the central nervous system. The phenethylamine derivatives are infrequently encountered by forensic toxicology laboratories. There have been increasing reports of the availability, distribution, and use of these compounds, which have caused attention by the U.S. Department of Justice [27, 28] . Herein, we used the hybrid plasmonic-diatomite biosilica as the matrix for on-chip chromatography and SERS substrate to separate and detect PEA from real biofluid. The diatomite on the chromatography plate not only functions as the stationary phase, but also provides additional Raman enhancement to improve the SERS sensitivity, resulting in more than 10 3 better LOD than commercial chromatography plates.
Experimental section

Materials and reagents
Tetrachloroauric acid (HAuCl 4 ) was purchased from Alfa Aesar. Trisodium citrate (Na 3 C 6 H 5 O 7 ), anhydrous ethanol, ammonium hydroxide (NH 4 OH, 28 %), hexane and ethyl acetate were purchased from Macron. Diatomite (Celite209), pyrene, 4-mercaptobenzoic acid (MBA), nile blue (NB), plasma and phenethylamine (PEA) were obtained from Sigma-Aldrich. Rhodamine6G (R6G) was purchased from TCI. The chemical reagents used were of analytical grade. Water used in all experiments was deionized and further purified by a Millipore Synergy UV Unit to a resistivity of~18.2 MW cm.
Preparation and Characterization of Au NPs
The glassware used in the nanoparticle synthesis process was cleaned with aqua regia (HNO 3 /HCl, 1:3, v/v) followed by rinsing thoroughly with Milli-Q water. Au NPs with an average diameter of 60 nm were prepared using sodium citrate as the reducing and stabilizing agent according to the literature with little modification [29] . Briefly, a total of 100 mL of 1 mM chloroauric acid aqueous solution was heated to boil under vigorous stirring. After adding 4.2 mL of 1 % trisodium citrate, the pale yellow solution turned fuchsia within several minutes. The colloids were kept under refluxing for another 20 min to ensure complete reduction of Au ions followed by cooling to room temperature.
Fabrication of diatomite biosilica chip
The diatomite chip for chromatography sensing were fabricated by spin coating diatomite on glass slides. The diatomite was dried at 150 8C for 6 h in an oven before spreading on the glass slides. After cooling to room temperature, 6 g of diatomite was first dispersed in 10 mL of 0.5 % aqueous solution of carboxymethyl cellulose and then transferred onto the glass slide for spin coating at 1200 rpm for 20 seconds. The chips were placed in the shade to dry and then activated at 110 8C for 3 h to improve the adhesion of diatomite on glass slides.
On-chip chromatography method
The on-chip chromatography SERS method was designed for detection of analytes from mixtures or biofluid as shown in Scheme 1. First, 1 mL liquid sample was spotted at 12 mm from the edge of the chromatography plate. After drying in air, the chromatography plate was kept in the glass chromatography development chamber with different types of mobile phase eluent. After separation of the analytes, the chromatography plates were then dried in the oven under 60 8C for 1 min. The separated analyte spots were marked under ultraviolet illumination at 380 nm wavelength and visualized by iodine colorimetry. The retention factor (Rf: equal to the ratio of the distance migrated by the target analyte and the solvent on the chromatography plate) of the analytes on chromatography plates were calculated and marked on the chromatography plates so that the analytes spots could be traced even when they are invisible at low concentrations. Then 2 mL concentrated Au NPs were added directly three times. A Horiba Jobin Yvon Lab Ram HR800 Raman microscope equipped with a CCD detector was used to acquire the SERS spectra, and a 50 3 objective lens was used to focus the laser onto the SERS substrates. The excitation wavelength was 785 nm, and the laser spot size was 2 mm in diameter. The confocal pinhole was set to a diameter of 200 mm. SERS mapping images were recorded with a 10 3 10-point mapping array. They were collected using the DuoScan module with a 2.0 mm step size, 0.5 s accumulation time, and collected in the Raman spectral range from 800 cm À1 to 1800 cm À1 . The acquired data were processed with Horiba LabSpec 5 software.
Other Instruments
UV-vis absorption spectra were recorded on NanoDrop 2000 UV-Vis spectrophotometer (Thermo Scientific) using a quartz cell of 1 cm optical path. Attenuated total reflectance (ATR) infrared spectra were recorded on a Nicolet 6700 Fourier transform infrared (FT-IR) spectrometer (Thermo Scientific) and Smart iTR diamond ATR accessory with liquid nitrogen-cooled MCT detector. Scanning electron microscopy (SEM) images were acquired on FEI Quanta 600 FEG SEM with 15-30 kV accelerating voltage. The microscopy images were acquired on the Horiba Jobin Yvon Lab Ram HR800 Raman microscope with 50 3 objective lens for thin layer on chromatography plate and 100 3 objective lens for near field image of single diatomite, halogen lamps were used as light source.
Results and discussion
Characterization and evaluation of SERS-active gold colloidal substrates
Scanning electron microscopy (SEM) and UV-vis absorption spectroscopy were employed to characterize the morphology and properties of the prepared gold colloidal nanoparticles. The SEM images ( Figure S1 ) indicate that the Au NPs have a spherical shape with uniform size distribution and their diameters are estimated to be 60 nm. The SERS performance of prepared gold colloids was verified Scheme 1 Schematic representation of the on-chip chromatography-SERS detection of target molecules from mixtures based on plasmonic NPs-decorated diatomite biosilica. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56 through the contrast of SERS spectrum of MBA solution, a typical Raman probe molecule ( Figure S2 ). From the UV-vis spectrum ( Figure S3 ), the LSPR band of the prepared Au colloids located at 545 nm with a narrow bandwidth. These values correspond to relatively uniform, mono-dispersed Au colloids with diameters of approximately 50-60 nm. The concentration of Au nanoparticles was calculated to be approximately 1 3 
10
À10 M, which is estimated using the basis of the Lambert's law based on UV-vis spectroscopy ( Figure S3 ) with a molar extinction coefficient of 3.4 3 10 10 M À1 cm À1 [30] .
Microstructures of the diatomite chromatography chip
SEM was employed to characterize the morphology of the diatomite used in our experiment as shown in Figure 1 . The main component of the commercial diatomite is disk-shaped with periodic pore structures (Figure 1. a) . The size distribution of diatomite ranges from 10-30 mm. The diatomite is spin coated and works as the stationary phase on the chromatography plate. The SEM image of the diatomite layer on the glass substrate is shown in Figure S4 . In order to verify the photonic crystal effect of diatomite, we took the optical image of a single diatom frustule from the diatomite, which is shown in Figure 1 (b). The regular light pattern comes from the high order diffraction of the photonic crystal, which agrees with the results from another group [31] . Therefore we can conclude that diatomite does have photonic crystal effects, although not perfect. The thickness of the diatomite on glass is monitored by optical microscopy as shown in Figure 1c . The thickness of the diatomite is very uniform and measured to be 20 mm, which is much thinner than the commercial silica gel chromatography plate of 60-100 mm ( Figure S5 ). After deposition of Au NPs onto chromatography plate, the NPs were distributed on the surface of diatomite as shown in Figure 1d .
SERS analysis of the chromatography plate
When collecting the SERS spectra of the analyte on chromatography plates, the background SERS signals originating from the blank stationary phase should be determined first. Therefore, it is necessary to investigate the SERS signals from different chromatography plate matrices. The measured results ( Figure S6 ) indicate that both the diatomite and the silica gel chromatography plates exhibit a weak, broad spectral background, with no obvious Raman peaks. Thus it is conceivable to use these chromatography plates for SERS detection.
Effect of the colloidal gold concentration
The concentration of metallic colloids is of pivotal significance to the enhancement of Raman signals. SERS spectra of 100 ppm MBA on diatomite chromatography plates from 2 mL casted gold colloids with six different concentrations were collected. As shown in Figure S7 of the supporting information, the SERS spectrum intensity of MBA clearly increases as the colloidal gold concentration increases from 1 to 100 times. If the concentration increases more than 200 times, the measured SERS intensity will decrease. The explanation is that higher concentration of metallic nanoparticle colloids results in accretion of denser monolayer coverage, which increases the SERS signals. However, if the concentration exceeds the requirement of monolayer formation, multilayer nanoparticle accumulation leads to the reduction of SERS signals [21] . Therefore, 100 fold concentrated (1 3 10 À8 M) gold colloids were chosen for subsequent measurements. 
SERS of PAHs from mixtures
PAHs are a class of organic compounds consisting of two or more aromatic or heterocyclic rings. The detection of various PAHs has significant engineering potential as PAHs could pose a potential hazard to health in the environment. Unfortunately, the low binding affinity between PAHs and surfaces of metallic substrates prevents efficient SERS detection of PAHs from mixtures as the spectra from co-existing components interfere with the spectrum from the PAHs. In this work, pyrene was mixed with three Raman probe molecules (MBA, R6G and NB) respectively to form different mixtures. Figure 2a shows the SERS spectra of the pure substances. Specifically: pyrene, the peak at 590 cm À1 is assigned to the skeletal stretching vibration and 1230 cm À1 is associated with the C-C stretching/C-H in-plane bending of pyrene [32] ; MBA, the peaks located at 1074 and 1587 cm À1 are associated with CÀC ringbreathing modes of MBA [33] ; R6G, the peak at 607 cm À1 is associated with CÀC-C ring in plane vibrations, while the peaks at 1360 and 1508 cm À1 are associated with aromatic CÀC stretching vibrations of R6G [34] ; NB, the peak at 594 cm À1 is assigned to the in-plane deformation vibration of the NB. The peaks labeled with asterisks are used to represent the substances respectively. The SERS spectra of these three mixtures are shown in Figure 2b . For Mixture 1 (Pyrene and MBA 1/1), the metallic surface coverage was dominated by MBA because the covalent bonds can be formed easily between the Au NPs and mercapto group of MBA. Thus only a very weak Raman peak from pyrene was observed from the SERS spectra of mixture 1. For Mixture 2 (Pyrene and R6G 1/1), R6G is a typical Raman probe molecule because of its affinity with metallic surfaces and intense Raman signals. The in plane vibrations of R6G are located at 607 cm À1 are near main characteristic peak of pyrene and it is hard to distinguish the Raman peak of pyrene from the mixture due to the SERS signals from R6G. For Mixture 3 (Pyrene and R6G 1/1), NB is another kind of Raman probe molecule that is often used for evaluating the SERS performance of the substrates. The intense band located at 594 cm À1 is usually used as the characteristic peak of NB in detection, which overlaps with the main characteristic peak of pyrene. Therefore, only molecule information of NB can be observed from the SERS spectra of mixture 3.
The chromatography performance of the diatomite and commercial silica gel chromatography plates was evaluated using the aforementioned three mixtures. Hexane and ethyl acetate (v/v = 3:1) were used as the eluent for the separation of pyrene from the mixtures. After separation, a UV lamp and iodine colorimetry was used to detect different analyte spots corresponding to various substances as illustrated in Figure 3 . Pyrene traveled at faster speeds and located further from the original dropping points because of the low molecular polarity. Three different types of mixtures have been successfully separated as shown in Figure 3 . The R f values of the mixing points were obtained by the UV light scanner and iodine colorimetric, which are 0/0.8 on silica gel plate and 0/0.9 on diatomite plate. The separation efficiency of silica gel and diatomite chromatography is similar to each other in our experiment from the measured R f . The diatomite plates show a slightly better separation effect than commercial chromatography plates. The SERS spectra at different spots were measured on the diatomite plate after the chromatography separation as shown in Figure 4 . The characteristic peaks of pyrene at 590 cm À1 and 1230 cm À1 are clearly ob- 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56 served, which means that the diatomite plate can successfully be used as the matrix for on-chip Chromatography-SERS method. In this study, the repeatability of the device was also studied by measuring 5 random spots on 8 different chips using 200 ppm of pyrene solution as shown in Figure S8 . The relative standard deviation (RSD) of the intensity of the Raman peak at 590 cm À1 is calculated to be 5 % from spot-to-spot on each chip. The RSD from chip-to-chip is only 3.5 %. Therefore we conclude that the repeatability of the onchip chromatography-SERS sensors is comparable with other SERS techniques [35] .
We compared the SERS spectra obtained from the diatomite plate (Figure 5a, b) with commercial silica-gel chromatography plate (Figure 5c, d) . In Figure 5 , all the characteristic bands of MBA and pyrene exhibited monotonous decreasement in intensity as the mixture concentration decreases. The lowest detection limit from pyrene/MBA mixture is between 20 and 100 ppm on the commercial chromatography plate, and below 2 ppm on the diatomite chromatography plate. The experimental results demonstrate more than 10 times improvement of sensitivity using the diatomite-based chromatography plate compared to commercial silica-gel chromatography plates. We attribute this improvement to two contributions from the diatomite plate. First, in our on-chip chromatography-SERS method, the metallic nanoparticles are casted onto the analyte spots after chromatography separation. The SERS spectra collected from each spot will only come from the target molecules at the surface of the chromatography plate. This means that the overall sensitivity will be compromised because a significant portion of the analyte inside the chromatography plates cannot be detected. The thickness of the diatomite chromatography plates fabricated by spin coating is around 20 mm, which is only one third of the thickness of the commercial silica-gel chromatography plate. The thinner diatomite layer will achieve higher analyte concentration at the surface of the chromatography plate. Second, diatomite consists of fossilized remains of diatoms. The two dimensional (2-D) periodic pores on diatomite disk possess hierarchical nanoscale photonic crystal features [7, 36] . The hybrid photonic-plasmonic modes are formed when Au NPs are deposited onto the surface of diatomite, which will further increase the local optical field of Au NPs. Additional SERS enhancement can be obtained, similar to our previous work on diatoms biosilica through theoretical calculation and experimental characterization [14, 15] . The ppm level sensitivity that we achieved is comparable with other very advanced platforms developed by Lu and Zhao's groups [37, 38] , which require complicate and expensive fabrication processes such as oblique angle deposition and molecularly imprinted technology. 
Optical simulation of plasmonic NPs on diatomite
To investigate the photonic property of diatomite and its contribution to the SERS signals, we used FullWAVE module from Rsoft photonic component design suite, which is based on three-dimensional (3D) finite-difference time-domain (FDTD) algorithm. According to the SEM image, we modeled the diatomite substrate as a 2-D photonic crystal silica slab with a hexagonal lattice of air holes. As nature created diatomite consists of mixed diatom species with various photonic crystal periods, we only consider the periodic photonic structure that can provide the largest SERS signal enhancement in our simulation, which means that the guided mode resonance (GMR) peak wavelength of the photonic crystal structure matches the wavelength of the excitation light [14] . Figure 6 (a) plots the schematic of the diatomite substrate with labeled structure parameters. The hybrid plasmonic-photonic crystal nanostructure was achieved by integrating randomly distributed Au nanoparticles (NPs) on the diatomite substrate as shown in the inset of Figure 6 (a). The diameter of the Au NPs is 70 nm and the minimum gap width between the Au NPs is 5 nm, which match the experiment condition. The inset of Figure 6 (a) also indicates the simulation domain of our FDTD calculation. We use periodic boundary condition in the horizontal direction (XÀY plane) in order to excite the GMRs. A mesh size of 2.5 nm is used, which is small enough to qualitatively characterize the electrical field "hot spots" generated by localized surface plasmonic resonances (LSPR) between the Au NPs' gap. To compare the contribution of diatomite, the same distribution of Au NPs is placed on a flat silica substrate as reference. The excitation was a 785 nm plane wave. Both TE and TM polarized incident light was simulated, and the simulation results were based on equal average of both polar- izations. We know that the SERS enhancement factor (EF) is proportional to the four power of the local electrical field [39] . However, in reality, the measured SERS EF varies from the analyte concentration and even the analyte molecule distribution in the case of low concentration. To simplify the analysis, we only focus on the optical properties of the diatomic earth chromatography plate. So we use the normalized electric field intensity as the main parameter in the following discussion, which is defined as j E TE /E 0 j 2 /2 + j E TM /E 0 j 2 /2, where E TE and E TM corresponds to the amplitude of the local electrical field under TE and TM polarized incident light and E 0 is the amplitude of the incident light. Figure 6 (b) and (c) the electric field intensity distribution of the Au NPs layer. The value was averaged over the vertical direction. Since photonic crystal structure supports GMRs, which increases the local electrical field intensity, the electrical field "hot spots" generated LSPR from Au NPs are coupled with the GMRs when Au NPs are placed inside the air holes. As a result, we can see that the E 4 -EF of many "hot spots" inside the air holes are enhanced. To quantitatively describe the enhancement effect, we count the "hot spots" statistical distribution over the electric field intensity of both the diatomite substrate and the reference substrate. Figure 6 (d) plots the enhancement ratio between the two distributions on different substrates, which is defined as (#on diatomite/# on silica), where #on dia- Figure 6 (a) Schematic of the simulation model for diatomite substrate. Inset: randomly distributed Au NPs on diatomite. The white background represents the place where the Au NPs are placed in the air holes on the bottom silica substrate, and the blue background means where the Au NPs are placed on the top surface of the silica photonic crystal slab. For the reference silica substrate, all the Au NPs are on the substrate surface. Electric field intensity distribution of the Au NPs layer on a diatomite substrate (b) and on a silica substrate (c). (d) enhancement ratio of the "hot spots" distribution over electric field intensity, which is defined as the ratio of numbers of "hot spots" at each intensity level. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56 tomite/silica means the number of "hot spots" at each intensity level on the diatomite/silica substrate. We can group the "hot spots" into different levels according to their electric field intensity, as is shown in Figure 6 (d) . Clearly, both the intensity and the density of "hot spots" are enhanced by the coupling between LSPRs and GMRs. The enhancement ratio increases as the "hot spots" intensity increases. For example, enhancement raito of strong "hot spots" of which the electric field intensity is larger 10 2.5 more than 14 times. And these strong "hot spots" are crucial to detect low analyte molecules. To conclude, diatomite substrate with Au NPs can increase the SERS sensitivity and detection limit due to the coupling between LSPRs of Au NPs and GMR effect of the periodic diatomite structure.
Mapping images of the Raman signals visualized the distribution of analytes on the chromatography plate. The SERS mapping image of 10 ppm pure MBA on the diatomite chromatography plate as well as the silica gel chromatography plate are shown in Figure 7a and b. MBA provides an intense Raman peak at 1074 cm À1 , which is assigned to the ring-breathing modes. The SERS mapping image was recorded using the integrated peak intensity at 1060-1090 cm À1 . Diatomite chromatography plate showed a much stronger and more uniform SERS signals of MBA than the silica gel chromatography plate. The intensity distribution in the mapping area is shown in Figure 7 (c) and (d). Low variability is observed on diatomite plate, in which the coefficient of variation (CV) is 0.39, and is almost 1.0 on silica gel plate. The highly porous structure and more uniform pore size of the diatomite has lower flow resistance [40] , which enables more homogenous liquid flows into the pore on diatomite. Therefore, the eluent migrates smoothly and uniformly on the surface of the stationary phase during the chromatography development. For the commercial silica gel chromatography plate we used, the liquid flow mainly pass- es through the big particle gaps of the silica gel, and the analyte molecules located mainly in the interparticle regions. Thus the distribution of the analytes on the diatomite plate is more uniform compared with that on the silica gel plate.
SERS of PEA from biofluid
There have been very few reports to detect analytes in biofluid using SERS because biofluid is complex and the high saline concentration makes metallic colloids unstable. Here we used this on-chip Chromatography-SERS method for on-site detection of biogenic amines from plasma. Ammonium hydroxide and ethanol (v/v = 1:1) were used as the eluent for the separation of PEA from plasma. The biomolecules such as albumin in plasma cannot diffuse on the chromatography plate due to the high molecular weight. We compared the SERS spectra obtained from diatomite plate Figure 8 and commercial silica-gel chromatography plate ( Figure S9 ). The Raman peak at 1002 cm À1 was assigned to the phenyl ring breathing vibration of PEA. The lowest detection limit for PEA/plasma was 10 ppm on the diatomite chromatography plate. As a comparison, there were no detectable SERS signals of PEA on the silica gel chromatography plate even when the concentration of PEA is 100 ppm. The experimental results demonstrate more than 10 times improvement of LOD using the diatomite-based chromatography plate over the commercial silica-gel chromatography plate. It is difficult to obtain SERS signals of proteins that have no conjugated chromophore [41] . FT-IR was used to verify the protein in plasma during the chromatography process ( Figure S10) . The peaks at 1645 cm À1 and 1540 cm À1 are assigned to amide I and amide II bands of protein in plasma, and the peak at 1585 was assigned to C=C stretching vibration of PEA. To further demonstrate the multiplex sensing capabilities of on-chip Chromatography-SERS, miR21cDNA was added into the plasma (5 3 10 À6 M). SERS spectra of DNA was observed at the initial spot after the chromatography separation as shown in Figure 8b , and the peak at 750 and 790 cm À1 were assigned to the ring breathing modes of thymine [42] and cytosine [43] , respectively. This also verifies that DNA has a very small retention factor and almost does not migrate on the chromatography plate.
Conclusions
In this study, we demonstrated plasmonic NPs-decorated diatomite biosilica as a lab-on-a-chip device for on-chip chromatography and label-free SERS sensing to detect small molecules from complex biological samples. The experimental results achieved a detection sensitivity down to 1 ppm, an improvement of more than 10 times when compared to the commercial silica-gel chromatography plate. To the best of our knowledge, this is the first time demonstrating separation and detection of target molecules from biofluids by on-chip chromatography-SERS techniques. To demonstrate the significant engineering potentials for biomedical sensing, we have achieved multiplex sensing of PEA and DNA in human plasma with LOD of 10 ppm and 5 mM respectively simultaneously. This facile lab-on-chip device using hybrid plasmonic-diatomite biosilica proves itself to be cost-effective and ultra-sensitive with multiplex sensing capabilities, which will play pivotal roles for 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56 the monitoring of pollutants and toxins in complex environments and screening illicit drugs in biofluid.
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FULL ARTICLE
As nature-created photonic crystals, diatomite biosilica possesses unique optical and fluidic properties. A lab-on-a-chip biosensor combining the function of on-chip chromatography and surface-enhanced Raman scattering (SERS) is experimentally demonstrated using diatomite biosilica decorated with plasmonic nanoparticles. Owing to its exceptional capabilities to separate and detect small molecules from mixture samples, we successfully detected toxins in real human plasma with ultra-high sensitivity. 
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